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Bainite and martensite low alloying steels contain stable austenite phase called 'retained austenite'. 1, 2) The retained austenite phase is stabilized by austenite stabilizing elements (austenite formers) such as carbon, nickel and manganese. Retained austenite has been used for improving the ductility of tool steels 3) and for transformation-induced plasticity steels. 4) However, retained austenite causes secular change, which is an unfavourable volume change distortion by martensitic transformation during practical utilization and ageing.
3)
The retained austenite can be classified into block-like or film-like; 5) the former is formed at packet boundaries while the latter is located along lath boundaries. Typically, they are distinguished by their thickness-in Fe-high Cr-high carbon steels, blocks are approximately 0.5-1 μ m thick and films are less than 50 nm thick. Because the retained austenite films are sufficiently thin and are found between laths, great effort is required to observe them. Therefore, the film-like retained austenite has not been investigated in many studies.
In this study, we focus on the film-like retained austenite in the lath martensite of a low carbon steel. Quenched low carbon steels contain retained austenite, whose morphology is thin film-like, exists between martensite laths. 6) Thomas et al., using high resolution electron microscopy, suggested that such films possibly contain about 1 mass% carbon. 7) It is amazing that the thin films contain such high carbon, though the average carbon content is only 0.3 mass% in the entire sample. To achieve such high carbon content in the austenite film, homogeneously distributed carbon atoms, which are in the austenite state before quenching, must diffuse into the austenite thin films either during quenching or at room temperature (RT) storage after martensitic transformation.
Recently, we investigated the development of deformation structures in both low and ultra-low carbon lath martensite steels, i.e. with and without retained austenite films, 8) respectively. The study showed that the martensite laths remain after 50% cold rolling in the Fe-0.2C-2Mn (mass%) steel, although the lath boundaries disappear after 10% cold rolling in the Fe-0.0026C-1.5Mn (mass%) steel. The deformation structure in the Fe-0.2C-2Mn steel contains complex structures such as kinked and irregularly bent laths, and the work-hardening ratio in the Fe-0.2C-2Mn steel is higher than that in the Fe-0.0026C-1.5Mn steel. These results suggest that the presence of carbon-enriched retained austenite films, whose 0.2% offset flow stress increases 77 MPa per atomic percent, 9) play a significant role in the development of the deformation microstructure.
Because the movement of dislocations in martensite and/ or austenite is the key factor that affects mechanical properties, the presence of dissolved carbon atoms in retained austenite must play an important role in determining these properties. However, carbon distributions in the retained austenite films have not been well discussed because it was assumed that there is no change in carbon concentrations in the retained austenite films and lath martensite. Accordingly, it is necessary to know the specific distribution of carbon atoms in austenite. The aim of this study was to investigate the distribution of carbon in the retained austenite films in low carbon lath martensite using the three-dimensional atom probe (3DAP) technique.
The chemical composition of low carbon steel used in this study was Fe-0.20C-1.98Mn containing impurities of <0.01Si, <0.001P, <0.0007S, 0.032Al and 0.0026B in mass% or Fe-0.92C-1.99Mn in at%. To obtain a lath martensite structure, the sample was austenitized at 1 473 K for 600 s and then quenched in water. The average prior austenite grain size, packet size, block thickness, sub-block thickness and lath thickness were 350 μ m, 150 μ m, 3 μ m, 1.4 μ m and 0.2 μ m, respectively. The resulting microstructure was observed using transmission electron microscopy (TEM, JEOL JEM-2010 and FEI Technai F30). The specimens for the TEM observation were prepared by twinjet electropolishing at 20-30 V in solutions of CH3COOH (950 ml) and HClO4 (50 ml) at 286 K. The compositions of the alloying elements in the martensite laths and retained austenite films were measured using the 3DAP technique operated with an ultrashort pulsed laser of wave length 343 nm. Needle-like specimens for the atom probe analysis were prepared using a standard two-step electropolishing method. Mass spectra corresponding to C were taken into account for the analysis. The time required to analyze these specimens is around 1.6 × 10 7 s. The TEM bright field image in Fig. 1(a) shows that martensite laths aligned in one direction. The orientation relationship between the retained austenite and the martensite lath is Fig. 1(b) and its key pattern in Fig. 1(c) , the diffraction spots of retained austenite are clearly identified. Figure 1(d) shows a dark field image excited using the 111 gamma spot. Retained austenite films are observed along the lath boundaries, but they are composed of many fragmented domains with different diffraction conditions. Fig. 2(b) are aligned similar to the retained austenite films in Figs. 1(d) and 2(a) . Thus, it is inferred that the white lines in Fig. 2(b) correspond to the retained austenite films. We obtained 3DAP images of the region indicated by the white dashed square in Fig. 2(b) . Figure 2 (c) shows atom probe tomography for C in the Fe-0.2C-2Mn steel. A plate-like Crich region exists near the centre of the analysed volume. The C-rich region corresponds to the retained austenite film in Fig. 2(b). Figure 3(a) shows a carbon concentration profile obtained from the selected volume of ~12 nm × 12 nm × 20 nm, indicated in the inset of Fig. 2. Figure 3(b) shows the concentration depth profiles and integrated concentration profiles of C and Mn calculated from the inset volume in the direction normal to the plate. The error bars in Fig.  3(b) represent ±2 standard deviations. The higher concentration of carbon suggests that the region is retained austenite. From the integrated concentration profile, the carbon content is calculated to be ~4.6 at% (1.03 mass%) in the retained austenite and 0.2-0.5 at% (0.04-0.11 mass%) in the lath martensite region. However, the distribution of Mn is uniform, ~1.9 at% (2.0 mass%), throughout the lath martensite and retained austenite. Figure 4 shows the atom map of carbon obtained from a different region in which the presence of a fragmented C-rich region can be noticed. Most carbon atoms exist in the retained austenite film, as confirmed by observations from other directions (Fig. 4) . It seems that they are not aligned along the lath martensite boundaries and that the carbon concentration is not uniform within the retained austenite films. The concentration of carbon in the films is fairly diffused as compared with the observations of Figs. 2 and 3 . The average carbon composition in the martensite laths, which is 0.35 at% (0.08 mass%), is lower than the initial carbon composition of 0.92 at% (0.20 mass%). If the carbon atoms move from martensite laths to austenite regions through martensitic transformation, the growth of laths stops at 4.6 at% (~1 mass%) carbon concentration in the retained austenite films, as considered from the results of this study. This indicates that, to concentrate all carbon atoms on the films, the thickness of the retained austenite films must be more than 30 nm. However, the present study shows that the thickness of the films is only 3 nm, which is in agreement with the results obtained from previous reports. 1, 2, 6) Immediately after the transformation, the solution carbon atoms in martensite laths would stay in the octahedral sites of BCC. In the Fe-0.2C-2Mn steel, the solution carbon atoms cannot stay in BCC at RT because the critical ordering temperature of carbon atoms by short-range interaction in the alloy is lower than the RT. 12) In this study, the carbon atoms of the laths have sufficient time (around six months) for moving. Thus, the carbon atoms are removed from martensite to retained austenite films, high angle grain boundaries and/or dislocations in the laths. 13, 14) These results indicate that as-quenched low carbon lath martensite contains martensite laths with little carbon content and retained austenite films with 4.6 at% (~1 mass%) carbon content. When we consider only carbon effect, the 0.2% offset flow stress of retained austenite films is estimated to be 520 MPa, which is higher than that of ferrite in 0.46 at% (0.10 mass%) carbon steels, which is about 240 MPa. The low carbon lath martensite shows lamellar structure with soft ferrite and hard austenite phases. The characteristic deformation structures in the low carbon steels, including kinked and irregularly bent laths, are caused by the lamellar structure, because retained austenite films behave like barriers to dislocation movement. The assumption is based on the development of the deformation structures in pearlite, which shows lamellar structure with soft ferrite and hard cementite phases. 15) In summary, we used 3DAP to investigate the carbon concentration of retained austenite films in low carbon lath martensite. We found that the carbon compositions in retained austenite films and martensite laths are 4.6 at% (1.03 mass%) and 0.35 at% (0.08 mass%), respectively. These results significantly describe the characteristic deformation structure of low carbon lath martensite. They indicate that the retained austenite films having high strength are an important factor for improving the mechanical properties of low carbon lath martensite steels. It is suggested that the characteristics of deformation structure formed by retained austenite films increase the work-hardening ratio.
